The structural requirements of the NADP+ molecule as a coenzyme in the oxidative decarboxylation reaction catalysed by pigeon liver malic enzyme were studied by kinetic and fluorimetric analyses with various NADP+ analogues and fragments. The substrate L-malate had little effect on the nucleotide binding. Etheno-NADP+, 3-acetylpyridine-adenine dinucleotide phosphate, and nicotinamide-hypoxanthine dinucleotide phosphate act as alternative coenzymes for the enzyme. Their kinetic parameters were similar to that of NADP+. Thionicotinamide-adenine dinucleotide phosphate, 3-aminopyridine-adenine dinucleotide phosphate, 5'-adenylyl imidodiphosphate, nicotinamide-adenine dinucleotide 3'-phosphate and NAD+ act as inhibitors for the enzyme. The first two were competitive with respect to NADP+ and non-competitive with respect to L-malate; the other inhibitors were non-competitive with NADP+. All NADP+ fragments were inhibitory to the enzyme, with a wide range of affinity, depending on the presence or absence of a 2'-phosphate group. Compounds with this group bind to the enzyme 2-3 orders of magnitude more tightly than those without this group. Only compounds with this group were competitive inhibitors with respect to NADP+. We conclude that the 2'-phosphate group is crucial for the nucleotide binding of this enzyme, whereas the carboxyamide carbonyl group of the nicotinamide moiety is important for the coenzyme activity. There is a strong synergistic effect between the binding of the nicotinamide and adenosine moieties of the nucleotide molecule.
INTRODUCTION
Malic enzyme [malate dehydrogenase (oxaloacetatedecarboxylating) (NADP+), EC 1.1.1.40] is a bifunctional enzyme. In the presence of bivalent cations it catalyses the oxidative decarboxylation of L-malate to give CO2 and pyruvate, with concomitant reduction of NADP+ to NADPH (Ochoa et al., 1947 (Ochoa et al., ,1948 . In animal cells, malic enzyme may have various metabolic roles (for review see Frenkel, 1975) . In the cytosol, it may function to provide NADPH for the biosynthesis of fatty acids or other NADPH-dependent anabolic reactions. In mitochondria, synthesis of L-malate by the reverse reaction may serve as an anaplerotic reaction of the tricarboxylic acid cycle. It may also serve as an important route for the total combustion of the tricarboxylic acid-cycle intermediates. More recently, mitochondrial malic enzyme has been correlated with the metabolism and regulation of glutamine, which is the major energy source for tumour cells (cf. Saucer & Dauthy, 1978; Moreadith & Lehninger, 1984) .
Malic enzyme from pigeon liver has been studied extensively (for review see Hsu, 1982) . A random order of addition for Mn2+ and NADP+ has been proposed. L-Malate binds last in the reaction, after both Mn2+ and NADP+ . The products are released in the order CO2, pyruvate and NADPH (Hsu et al., 1967; Schimerlik et al., 1977) . The release of NADPH is the rate-limiting step (Schimerlik et al., 1977; . On the basis of kinetic measurements, Schimerlik & Cleland (1977b) proposed that two amino acid residues, with pKa values of 9.3 and 5.3 respectively, were involved in the NADP+ binding. Our chemical modification studies (Chang & Hsu, 1977; Chang & Huang, 1979; suggested that these residues were histidine and lysine respectively. Substrate (L-malate) specificity of malic enzyme has been studied by Schimerlik & Cleland (1977a) . The nucleotide binding has also been studied by Hsu and colleagues, using equilibrium-dialysis and fluorimetric-titration techniques (Hsu & Lardy, 1967b ; . However, information on the detailed structural requirements for the nucleotide binding and reaction for this enzyme is still lacking.
In the present work, fluorescence quenching and steady-state kinetic techniques were used to investigate the pyridine nucleotide specificity of pigeon liver malic enzyme. Studies on the binding of NADP+ fragments to the enzyme showed that binding of the nicotinamide and adonine moieties of the NADP+ molecule was positively co-operative. The 2'-phosphate group was found to be important for the NADP+ binding, whereas the carboxyamide carbonyl group of the pyridine ring was essential for activity. Hansson (1983) . Al1 NADP+ analogues were shown to be free from NADP+ contamination before the experiments were done.
Other chemicals were all of reagent grade and obtained from either Sigma Chemical Co. or E. Merck (Darmstadt, Germany). Distilled deionized water was used throughout this work.
Enzyme preparation
Malic enzyme was purified from pigeon liver by our published procedure . The purified enzyme was routinely checked for purity by polyacrylamide-gel electrophoresis. Protein concentration was determined spectrophotometrically at 278 nm (Hsu & Lardy, 1967a) .
Enzyme assay
Malic enzyme activity was assayed at 30°C as described by Hsu & Lardy (1967a 
Fluorescence studies
Fluorescence-quenching studies were performed in a Farrand system 3 thermoregulated spectrofluorimeter as described previously (Chang & Lee, 1984 ). An excitation wavelength of 295 nm and emission wavelength of 328 nm were used. At the concentrations used in fluorescence titration, the absorbance of NADP+ at the excitation wavelength was not detectable, thus no correction was necessary for the inner-filter effect. However, substantial absorption was observed for SNADP+, c-NADP+, and AADP+. The absorption of these quencher molecules at 295 nm was corrected as described by Lehrer & Leavis (1978) :
where AA/2 is the increase in absorbance at the centre of the cuvette caused by the addition of the quencher. The absorption was much lower than 0.2 A, and thus the above simple correction equation should be valid When NADP+ analogue was tested as an inhibitor for the enzymic reaction, initial-velocity data exhibiting linear competitive or non-competitive inhibition were fitted to eqn. (3) or (4) where I is the inhibitor concentration. Ki, and Kii are the apparent inhibition constants associated with the effect of the inhibitor on the slope (Ki.) and intercept (Kii) of the double-reciprocal plots respectively (Cleland, 1963 (Yonetani, 1982) .
The dissociation constant (Kd) for NADP+ with malic enzyme was calculated from fluorescence-quenching data as described by Ward (1985) . Fluorescence-quenching data were also fitted to eqn. (6) for calculation of various quenching parameters (Lehrer & Leavis, 1978) :
where AF = Fo -F. KSV is the dynamic quenching constant,fa is the fractional maximum accessible protein fluorescence, and Q is the quencher concentration. Experimental data were fitted to eqn. (6) by the least-squares method by using the computer program written by R. S. Chang (Chang & Chang, 1987) RESULTS Quenching of the enzyme intrinsic fluorescence by titration with NADP+ When a protein is excited at 295 nm, its emission spectrum represents the tryptophan fluorescence, because the tyrosine contribution is negligible at this wavelength (cf. Kahan et al., 1986) . The emission spectrum of the native malic enzyme at pH 7.4 and 30°C shows that the enzyme fluoresces at 328 nm, with a shoulder at 340 nm.
Vol. 245 Addition of NADP+ caused quenching of the fluorescence, without altering the spectrum. Titration of the enzyme with NADP+ gave a downward Stern-Volmer plot (Fig. la) . A Lehrer (1971) plot (based on eqn. 6) was thus used to analyse the data (Fig. lb) . The fluorescence parameters are summarized in 1031T (K -1) Fig. 2 . Arrhenius plot for the NADP+ quenching of pigeon liver malic enzyme fluorescence
The experimental procedure was as described in Fig. 1 legend. Enzyme concentrations were 3.8, 4.6, 3.8 and 18.5 ,g/ml respectively for lines a, b, c and d. Inhibition patterns of NADP+ analogues SNADP+ and AADP+ were found to be strong inhibitors of the enzyme reaction with NADP+ and L-malate as substrates. The inhibition patterns were linear competitive with respect to NADP+, and linear non-competitive with respect to L-malate, for both analogues (Table 3) . A typical result obtained with SNADP+ is shown in Fig. 4 was non-competitive with respect to NADP+ for both analogues (Table 3) . Synergistic inhibition of malic enzyme-catalysed reaction by NADP+ fragments Fragments ofNADP+ were divided into two categories: 5'-AMP, 2'-AMP, 2',5'-ADP and 5'-ADP were the group A fragments, containing the adenine end; nicotinamide, MNA and NMN were the group B fragments, containing the nicotinamide end. All these fragments were inhibitory to the malic enzyme. Those with the 2'-phosphate group were competitive, and the others non-competitive, with respect to NADP+. Group A and group B compounds exhibited strong positive co-operativity when used together. NMN did not show any observable inhibition until the concentration reached 9 mm. No inhibition was observed with 5'-AMP up to 4 mm. However, when 4 mM-AMP and 9 mM-NMN were used in combination, over 80% enzymic activity was inhibited (Fig. 5) Table 4 . However, no synergistic effect between AMP and ribose 5'-phosphate was detectable (Fig. 6) , indicating that the synergistic effect was due to the interactions between the nicotinamide and the adenosine parts. The I50 for ribose 5'-phosphate was near 190 mM.
DISCUSSION
The kinetic mechanism of malic enzyme requires an obligatory binding order. The initial-velocity data in this paper indicate that APADP+, e-NADP+ and NHDP+ are altemative coenzymes for this enzyme and conform to the same sequential kinetic mechanism. L-Malate has little effect on the binding of pyridine nucleotides, as reflected in the ratio of the values for Kia and Ka (Table  2) . These results are in accordance with the fluorescencequenching data (Table 1) , where the ratio of Kd for the enzyme-NADP+ binary complex to that for the enzyme-NADP+-malate ternary complex was found to be 0. (KSV), which is an order of magnitude higher than that for NADP+.
Similar relative maximum velocities observed for e-NADP+, NHDP+ and NADP+ ( Grau, 1982) . At the 3-position of the pyridine ring, a group with electron-withdrawing power sufficient to activate the 4-position can result in a coenzymically active analogue (for review see Anderson, 1982) . APADP+ has an acetyl group which is more electron-withdrawing than the carboxyamide group, and, indeed, higher activity was found for this analogue. SNADP+ has a similar oxidation potential (-285 mV) to NADP+ (-320 mV). However, malic enzyme was unable to utilize SNADP+. The larger thioamide group must create sufficient steric hindrance to interfere with its proper orientation. SNADP+ was found to be inactive in the reaction catalysed by dihydrofolate reductase. The reason was attributed to the difference in the mode of binding of SNADP+ and NADP+ (Hyde et al., 1980a ,b). Feeney et al. (1983 (Chang & Huang, 1979 with another enzyme form. The 2'-phosphate group has been found to be essential for nucleotide binding for many NADP+-specific enzymes (cf. Mas & Colman, 1984; Stone et al., 1984) . We found strong interactions between the adenine and nicotinamide parts of NADP+. Synergistic effects are characteristic of a sequential response. The response of the nucleotide site of malic enzyme may be proposed as follows: for binding of the NADP+ molecule to the enzyme, the 2'-phosphate group of the adenosine makes a significant contribution to the binding energy. The functional role of the adenosine part is like a handle to facilitate the binding of the reactive nicotinamide part, which is poorly bound by itself. It is not necessary for the nicotinamide and adenosine parts to be covalently joined to give interactions. However, an intact dinucleotide structure is required for reduction to take place, since we have found that NMN or MNA cannot serve as a coenzyme for malic enzyme, with or without the help of adenosine. These results indicate that there are direct interactions among the different parts of the NADP+ molecules.
